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Abstract  
A practical experiment is described which was used to help university students increase their 
understanding of the effect of construction methods and window design on passive solar heating and 
electrical heating.  A number of one tenth scale model rooms were constructed by students and sited 
out-of-doors in the late autumn.  The models were fabricated to mimic available commercial 
construction techniques with careful consideration being given to window size and placement for solar 
access.  Each model had a thermostatically controlled electric heating element.  The temperatures and 
electricity use of the models were recorded using data-loggers over a two week period.  The 
performances of the models based on energy consumption and internal temperature were compared 
with each other and with predictions based upon thermal mass and R-values.  Examples of questions 
used by students to facilitate this process are included.  The effect of scaling on thermal properties 
was analysed using Buckingham’s p-theorem.   
INTRODUCTION  
Students at La Trobe University study as a subject named “Physical Aspects of the Environment” as a 
first year elective subject.  One of the aims of this subject is to examine energy consumption by 
society and its implications.  Energy used in the built environment is studied.  Strategies which seek to 
minimize this energy consumption are examined in the course.  The Physics of heat transfer is applied 
to obtain quantitative results. 
 
Two experiments which sought to enhance student skills in heat transfer analysis and buildings 
through practical experience were developed.  Firstly to gain background students were required to 
design a house and produce a sketch plan.  The required parameters from the drawings were entered 
into the Sustainable Energy Authority of Victoria’s “First Rate” software package as an energy rating 
exercise.  During the following week students attended a session when they constructed a model room 
and an electronic thermostat circuit.  The models were placed outside.  The temperatures and the 
energy used to heat the model buildings were recorded by data loggers.  Subsequently the data were 
analysed and results were compared with performance expectations derived from the construction 
materials used.  The performance of the model rooms were compared to each other. 
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THERMAL BEHAVIOUR 
The experiment was designed so that not only did the models have a close resemblance to an actual 
building in their construction methods, but also the models performed in a similar way thermally.  
Hence it was desired that realistic maximum and minimum temperatures and rates of temperature 
change were obtained within the models when they were placed under the influence of natural diurnal 
temperature fluctuations and solar radiation.  This section presents the thermal building model 
considered. 
 
To describe a building thermally it may be imagined as a volume of air enclosed by walls, a roof and 
the floor.  Heat gained or lost by the air is transferred through the bounding surfaces as determined by 
each of their thermal resistances (R -values) and the temperature difference between the inside and 
the outside of the room (Equation 1). 
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Where Pc is the total heat transfer rate and is the sum of the rates of heat transmitted through an area 
of surface Ai with resistance Ri and tem peratures Tin and Tout inside and outside the room respectively 
for all the n boundaries. 
 
Heat may also enter the building from solar radiation (Pr) through a window (Equation 2). 
 
   AGsgfPr =         (2) 
 
Where the area of the window is A, G is the radiation falling on the window (which may include direct 
beam radiation and diffuse radiation) and sgf is the solar gain factor, the fraction of the radiation falling 
on the window that reaches the inside of the window (Szokolay, 1987). 
 
An electric heater ( a 12V light bulb) gave a heat gain rate Ph to the model. 
 
Maximum and minimum temperatures occur when there is zero net heat flow; that is to say steady 
state conditions have been reached.  For example, on a sunny day the maximum temperature occurs 
when the energy from the sunlight entering the building is equal to the heat lost by conduction. 
 
The rate at which the temperature inside the room changes depends upon the thermal capacitance 
(the amount of heat required to raise the temperature 1K, Qa) of the air heated (Equation 3). 
 
   aaaa cVmcQ r==        (3) 
 
Where m is the mass of the air, ca is the specific heat of the air, V is the volume of the room and ra is 
the density of the air. 
 
The rate of temperature change inside the building may be expressed as: - 
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Where T is temperature, t is time. 
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Heat may also be stored in the fabric of the building if the relevant thermal mass can be considered as 
isolated from the outside by insulation.  For a layer of insulated mass forming part of a wall the thermal 
capacitance (Qw) is given equation 5. 
 
  www cAxQ r=         (5) 
 
Where A is the area of the wall, x is the thickness of the element, rw and cw are the density and 
specific heat respectively.  Qa and Qw are added to get the total thermal capacitance. 
 
Note that any thermal lag due to the thermal inertia of the walls is not considered.  The capacitances 
and heat transfer rates referred to above may be illustrated diagrammatically (Figure 1). 
 
Figure 20 Heat flows and thermal capacitances 
DIMENSIONAL ANALYSIS 
In order that useful data may be obtained from a model it has to perform in an analogous way to the 
full sized building.  Modeling was done at a scale of 1:10.  Therefore areas reduced by a factor of 100, 
whilst volumes reduced 1000 fold.  Since thermal conduction is proportional to area, and thermal 
capacitance to volume then when Equation 4 is applied to the model the result will be an increase in 
the rate of temperature change by a factor of 10,  Imbabi describes in detail the process of ensuring 
that a model performs like the prototype it is representing through the use of Buckingham’s p-theorem 
(Imbabi, 1991).  A similar analysis is now carried out.  However since the model is exposed to normal 
weather conditions rather than those in an artificially controlled laboratory different parameters are 
used as the basis of the process. 
Pw 
Pc 
Qa +Qw 
Ph 
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Buckingham’s p -theorem 
The parameters used in the analysis of the model building are listed in Table 1 
 
Table 18 Parameters used in the model analysis 
Parameter Symbol Units Dimensions 
Internal Dimensions 
(Length, Width and Height) 
L W H  m  L 
Wall, ceiling, window, roof, 
and floor, resistances  
Rw  Rc Rwi Rr Rf m
2K/W qT3M-1 
Internal capacitances for 
the air and wall mass 
Qa Qw J/K ML2T-2q-1 
Internal and external 
temperatures 
Tin Tout K q 
Heating Energy  E J ML-2T-2 
Heater Power, Conductive 
Power 
Radiant power 
Ph Pc Pr W ML
2T-3 
Beam Radiation G W/m 2 MT-3 
Time t s T 
 
The internal temperature may be expressed as a function of all the other variables.  All the variables 
are composed from the four dimensions of mass, length, time and temperature.  Altogether there are 
18 variables.  Buckingham’s p-theorem states that 18-4 = 14 dimensionless p groups may be formed 
based upon a recurring set containing all four dimensions.  The recurring set was chosen using the 
parameters that had to be the same for the model as for a real building (Table 2). 
 
Table 19 The recurring set 
t T 
Tout q 
L L 
G MT-3 
 
The dimensionless p groups can then be generated using dimensional analysis (Table 3).  Mass is 
expressed in this process by Gt3, the dimension L by the length L, q by Tout and T by t. 
 
Table 20 
p1=Qa(G
-1t-1L-2Tout) 
p2=Qb(G
-1t-1L-2Tout) 
p3=Rw(Tout
-1t-6G-1) 
p4=Rc(Tout
-1G) 
p5=Rwi(Tout
-1G) 
p6=Rwr(Tout
-1G) 
p7=Rf(Tout
-1G) 
p8=E(L
-2G-1t-1) 
p9=Ph(L
-2G-1) 
p10=Pc(L
-2G-1) 
p11=Pr(L
-2G-1) 
p12=W(L
-1) 
p13=H(L
-1) 
p14=Tin(Tout
-1) 
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The model is said to behave in a dynamically similar way to the full size  building if all the p groups are 
the same in both cases.  In the example being studied the only variable in the recurring group which 
changes is the length L which reduces by a factor of 10.  Therefore only the parameters containing L 
have to be changed by a factor of 1/10 (L-1) or 1/100 (L-2) as summarized below (Table 4). 
Table 21 
 
Parameter Model factor 
Internal Dimensions (W, H) x 1/10 
Wall, ceiling, window, roof, and floor, 
resistances  
no change 
Internal capacitances for the air and wall 
mass 
x 1/100 
Internal and external temperatures  no change 
Heater Energy x 1/100 
Heater Power, Conductive Power 
Radiant power 
x 1/100 
Beam Radiation no change  
Temperatures  no change 
Time no change 
 
 
Modeling implications 
The analysis shows the thermal resistances of the building elements should remain constant, but the 
energy, powers and thermal capacitances should be reduced by a factor of 100.  The power 
parameters present no problem because a 100 fold reduction in area with no change in R-value 
ensures that Pc does not alter.  Since G is the same Pr reduces by 100 for similar reasons.  The 21 W 
heating element then is equivalent to a 2.1 kW heater in the full scale version.  Likewise energy 
consumption in Wh is 1/100 that of a real building.  The capacitances present a slight problem 
because the scaling decreases them by a factor of 1000 due to the volume change assuming identical 
materials are used.  Introducing sealed containers of water into the model compensated for this effect.  
In the described experiment the full-scale thermal capacitance of the air is 46 kJ, hence model 
capacitance is 0.046 kJ, the required is 0.46 kJ.  The 0.414 kJ extra required may be made up from 
100 ml of water.  Further water may be added to compensate for the thermal capacitance of any 
insulated wall mass. 
 
For practical reasons the model walls were only 1/5 scale and so were 20 mm thick.  Such a wall filled 
with fibreglass insulation has an R-value in the region of 0.8 m2K/W.  The roof space was deeper and 
could be insulated to 1.8 m2K/W.  Since the windows were made from ordinary 3 mm glass their 
thermal resistance was close to real life.  The modeled suspended floors or slabs also mimicked those 
of a full size building.  
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METHODS 
Model room construction 
The class of students was divided into six groups each with three or four (one group) students. Each 
group was provided with a frame and roof with attached ceiling as the starting point for the experiment. 
The frame was a simple rectangular prism (ends 320mm width x 235mm height x 575mm length; 
external dimensions) constructed from 20 mm square wood along each edge and fixed to a ‘Masonite’ 
floor. The frame provided a surface for applying the different building materials and an intermediate 
space for insulation.  
 
The roof was a simple box construction with a sloping top. The bottom of the box was ‘Masonite’ which 
became the ceiling of the room. The top of the box was covered with a sheet of corrugated iron. The 
box thus provided an enclosed ceiling space. 
 
Various construction materials were supplied for use by the class. Cardboard, quarry tiles, fibre 
cement sheeting (6mm), black plastic sheeting, sisalation or plasterboard were used for the external 
walls. Styrofoam, glass-fibre batts or sisalation were us ed as insulation and cardboard, fibre cement 
sheeting (6mm), plasterboard or quarry tiles were used to form the internal walls. Sheets of clear 3 
mm thick glass attached to the outside for single glazed or attached to the outside and inside for 
double glazed windows were included in each construction. Where necessary the materials were 
attached to the frame with hot plastic glue applied using a glue gun. 
 
The completed models were either situated directly on a level bed of sand (to simulate concrete slab 
construction) (Figure2) or elevated on a slatted bed base or a low table  
 
. 
 
Figure 21 Model room on a sand bed 
Model room elements and sensors 
Each room was monitored using two thermistors. One thermistor provided the input for the thermostat 
circuit that controlled heating by switching a light bulb suspended in the room. The other thermistor 
was connected directly to the datalogger and was used to measure model air temperature. Both 
thermistors were located together and shielded from radiation with a simple hood made from 
sisalation. Each room had a computer fan running continuously to circulate the air and three 1L milk 
cartons to overcome volumetric down-scaling in the model. The wiring for the room electrical elements 
was passed through holes drilled in the ceiling and under a corrugation in the roof. 
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Thermostat circuit and settings 
The thermostat circuit was obtained from a search conducted on the World Wide Web (Figure 3) 
(Bowden, 1998) 
 
 
Figure 22 circuit diagram 
The original circuit was modified to use the Betatherm 3K3A1 thermistor available.  The 5K 
potentiometer was replaced by a 2K potentiometer in series with a 2.7K resistor.  The circuit operating 
temperatures were set by temporarily replacing the thermistor by a 5K variable resistor adjusted to the 
resistance the thermistor has at 20oC.  The 2K potentiometer was then adjusted until the relay just 
opened thus giving a switch off temperature of 20oC. The ‘switch on’ temperature was approximately 
two degrees lower as determined by the 10K resistor. 
Data recording 
Data were recorded using Unidata Starloggers.  The input to the loggers was scanned every five 
seconds, and an average of the data recorded every 15 minutes.  To sense operation of the heater an 
output was taken between earth and the base of the output transistor.  This voltage varied between 
two nearly constant values, thus indicating on and off conditions.  When the data was processed the 
‘on’ voltage value was converted to the heater power (21W), whilst ‘off’ was set to zero Watts. 
 
A weather station was not available, but would have provided valuable additional data.  A thermistor 
was used to record ambient temperatures, and the students made daily weather observations. 
STUDENT TASKS 
Calculations 
After completion of the models students were asked to use their knowledge of heat transfer to perform 
the following calculations. 
 
1) Calculate the R -value and the area for each wall, window, the roof and the floor. 
2) Calculate the conductive power transferred through the above elements for a one degree 
temperature difference between inside and outside. 
3) Calculate the power transferred to the model from the north-facing window at solar noon due to 
solar radiation.  Assume 8 4% of the energy is transmitted through the glass. A north facing vertical 
window receives approximately 800 W/m2 at solar noon at this time of year 
4) Calculate the thermal capacitance of the insulated mass within the model.  Add this to thermal 
capacitance of the air and the water contained in the model to get a total thermal capacitance.   
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The students were then required to answer the following questions based on the above calculations. 
 
1) What is the heat loss rate through conduction with a 10 K difference between inside and outside 
(outside cooler)? 
2) What temperature difference is required so that the heat loss rate by conduction is the same as 
the heat gain rate through the window at solar noon? 
3) If the ambient temperature is 20oC, what temperature might the house reach at solar noon?  Use 
the answer to question 2. 
4) The light bulb supplies 21 W.  What temperature difference would the bulb be able to maintain 
between inside and outside on a cold night?  Assume power lost by conduction is 21 W. 
5) At what rate will the building cool with a 10 K temperature difference between inside and outside 
(outside cooler)?  Express the heat loss rate from question one in J/s.  Use the value of thermal 
capacity to find out how long it would take at this heat loss rate for the te mperature to decrease by 
1 K. 
 
Graphs 
Students had to use the logged data to construct the following graphs. 
 
1) Ambient temperature and model temperature over the logging period.   
2) Ambient temperature and model temperatures with heater operation over a selected number of 
days illustrating response to different weather 
3) Histogram of the energy use of all of the model houses over the logging period. 
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ILLUSTRATIVE RESULTS 
The chart for one of the models taken over two sunny days and then a cloudy day shows passive solar 
heating and the operation of the thermostatically controlled heater (Figure 4).  Students were able to 
compare temperatures and rates of temperature change with those predicted from their calculations. 
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Figure 23 Results from model 5 showing ambient air temperature, model air temperature and 
power used by the electric heater (light bulb) 
Comparison between the models was on the basis of energy used from the heater (Figure 5). 
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Figure 24 Comparative energy use for all the models  
 
In the concluding remarks of their experiment write-up students had to account for the variation 
between the models in energy used. 
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CONCLUSIONS 
As a practical exposition of thermal properties of buildings the experiment was found to work well on a 
number of levels.  Students enjoyed the practical work of constructing the models and then being able 
to see how well or badly the models performed.  (Some models were made deliberately to perform 
poorly,)  Concepts of heat transfer, heat transfer rate and energy were successfully reinforced.  Solar 
heating was observed at first hand. 
 
The experimental work involved the construction of the thermostat circuit, but in future students will be 
provided with a completed circuit.  However the operation of a thermostat is clearly demonstrated.  
The application of data-logging lead to the generation of large data files.  The processing of these files 
in Excel was part of students continuing exposure to this software. 
 
There are further possibilities to be explored in practical experiments of this kind, especially with 
architectural students.  It may be a valuable lesson to compare the results obtained from scale model 
experiments to those obtained from computer models. 
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